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Abstrat: We study osmology on a BPS D3-brane evolving in the 10D SUGRA bak-
ground desribing a non-BPS brane. Initially the BPS brane is taken to be a probe whose
dynamis we determine in the non-ompat non-BPS bakground. The osmology observed
on the brane is of the FRW type with a sale fator S(τ). In this mirage osmology ap-
proah, there is no self-gravity on the brane whih annot inate. Self-gravity is then
inluded by ompatifying the bakground spae-time. The low energy eetive theory be-
low the ompatiation sale is shown to be bi-metri, with matter oupling to a dierent
metri than the geometrially indued metri on the brane. The geometrial sale fator
on the brane is now S(τ)a(τ) where a(τ) arises from brane self-gravity. In this non-BPS
senario the brane generially inates. We study the resulting inationary senario taking
into aount the fat that the non-BPS brane eventually deays on a time-sale muh larger
than the typial inationary time-sale. After the deay, the theory eases to be bi-metri
and COBE normalization is used to estimate the string sale whih is found to be of order
1014 GeV.
Keywords: D-branes, Tahyon ondensation, Cosmology of theories beyond the SM.
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1. Introdution
Sine the advent of branes in string theory, brane models have been used to improve our
understanding of physis beyond the standard model. Brane onstrutions have proved
to be partiularly suessful in providing valuable insights for suh arduous puzzles as the
osmologial onstant problem and the hierarhy problem. In their most ommon guise,
models of this type are ve-dimensional following the work of Randall-Sundrum [1, 2℄ and
the ompatiation of the heteroti M-Theory on a Calabi-Yau manifold [3℄. Our universe
is then one of the boundaries of the fth dimension.
Another approah has been followed starting from ten dimensional string theory om-
patied on a large volume manifold. These models allow one to lower the string sales in
suh a way that stringy eets may beome observable at aelerators. As opposed to the
ve dimensional approah the geometry of spae-time is at [4, 5℄.
One of the puzzles of high energy physis is supersymmetry breaking. A partiularly
useful way of breaking supersymmetry has been studied with branes, i.e. ongurations of
branes and anti-branes do not preserve any supersymmetry beause of the inompatibility
of their respetive BPS onditions. The lak of supersymmetry implies the existene of
a tahyon in the open string spetrum, signaling an instability [6, 7, 8, 9, 10, 11, 12, 13,
14, 15, 16℄. Indeed brane-antibrane ongurations are not stati due the existene of a
long-range fore between them. Suh a fore an be evaluated in the large separation
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regime, and hene at low energy the brane separation an be viewed as a eld with a non-
trivial potential. This setting has been used to model ination in the primordial universe
[17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32℄. As long as the brane and
anti-brane are far apart one an trust the supergravity approximation. When the branes
are nearly olliding, the open string desription is more appropriate. In that ase, the
Sen onjeture [9℄asertains that the open string tahyon ondensates leaving behind a
supersymmetri onguration. For brane-antibrane, the result of the annihilation an either
be at empty spae or higher odimension supersymmetri branes[12℄. This idea has been
used to justify the end of ination and the ourrene of reheating.
One may also be interested in non-BPS branes per se, i.e. branes whih breaks all su-
persymmetries. These objets an be onstruted in string theory at small string oupling
by onsidering a brane-antibrane onguration after modding out (−1)FL , the left fermion
number[11℄. This gives rise to non-BPS branes with a real tahyon in the open string spe-
trum. As brane-antibranes, they are meant to deay via open string tahyon ondensation.
Nevertheless one may be interested in desribing the non-BPS branes from the supergravity
point of view, i.e. the lassial onguration of the losed string zero modes whih results
from the distortion of spae-time by the presene of a non-BPS brane. Suh a programme
has been arried out in [33℄. The tahyon ondensation beomes a path in the parameter
spae interpolating between the non-BPS branes and the BPS branes.
In this paper we onsider the low energy physis viewed on a probe brane in the bak-
ground of a non-BPS brane. The probe is taken to be far enough away from the non-BPS
brane that the supergravity approximation an be trusted, and analyse the dynamis before
the deay of the non-BPS brane. We onsider two situations. In setion 2, we study the ase
of a D3 brane probing the geometry of a non-BPS brane in non-ompat ten dimensional
spae. In that ase there is no self-gravity on the brane, though there is an eetive osmol-
ogy. We show that despite the attration between the branes, ination never ours. Then
in setion 3 we ompatify the model on a large volume six-manifold that we do not need
to speify. We will onsider that the moduli resulting from the ompatiation have been
stabilized by an unknowm mehanism. In partiular the overall volume of ompatiation
will taken to be a free parameter of the model. As a result of self-gravity, the eetive
four dimensional Plank mass is nite and the brane undergoes a phase of ination. After
the deay of the non-BPS brane, the probe brane reheats. Ination does not require any
ne-tuning of the parameters of the non-BPS brane, i.e. it takes plae whether the non-BPS
brane is at the beginning or end of its deay. We stress that the only ne-tuning omes
from the initial position of the probe whih determines the number of e-folds of ination.
In setion 2, where the geometry is non-ompat, the brane `mirage' osmology arises
solely due to the brane motion [35, 36, 37, 38℄. The result of ompatiation, in setion
3, leads us to onsider a 4d eetive ation similar to that of [17, 18, 19, 20, 21, 22, 23,
24, 25, 26, 27, 28, 29, 30, 31, 32℄ whih inludes self-gravity. However, as opposed to those
referenes, our theory on the brane turns out to be bi-metri. The setup we envisage is also
dierent to that of [20, 27℄ who suppose that ination ends in a D¯3 −D3 ollision whih
will generially produe branes of higher odimension. Here the non-BPS brane eventually
deays leaving only our D3-brane and radiation. The senario again diers from that of
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[21, 30℄ who onsidered non-parallel branes, and of referene [22℄ in whih ination ours
during a D¯5−D5 annihilation to produe three-branes.
2. Non-BPS bakground metri
In the supergravity approximation, where only massless losed string modes are taken into
aount, the bakground generated by a non-BPS p-brane at the origin was onstruted in
[33, 34℄. This bakground metri, in the Einstein frame, is given by
ds2E = e
2A(r)(−dt2 + dxidxi) + e2B(r)dr2 + r2e2B(r)dΩ2(8−p)
≡ G¯ABdxAdxB (2.1)
where i = 1, . . . , p and apital latin indies run over the 10 spaetime indies (A,B =
0, . . . , 9). Here we fous on D3-branes: for p = 3 the funtions appearing in (2.1) are given
by [33℄
A(r) = −1
4
lnY, B(r) =
1
4
ln[f+f−]−A(r) (2.2)
where
Y = cosh(k h(r))− c2 sinh(k h(r))
f± = 1±
(r0
r
)4
h = ln[
f−
f+
]
k =
√
5
2
− c21.
The orresponding dilaton φ(r) and 4-form C(4) = eΛ(r)dx0 ∧ dx1 ∧ dx2 ∧ dx3 are given by
φ = c1h(r)
eΛ = −η˜(c22 − 1)1/2
sinh(k h(r))
Y
(2.3)
where η˜ is bakground non-BPS brane or antibrane harge.
Notie from (2.3) that |c2| ≥ 1, and also that c21 ≤ 5/2 sine k must be real (see below).
In the following we take r0 > 0, and the resulting naked singularity at r = r0 reets the
lak of supersymmetry of the system. (Hene r ≥ r0; for a disussion of the ase in whih
r0 < 0, see [33℄.) Indeed, reall that stable supergravity ongurations are speied by
two parameters orresponding to the ADM mass, MADM , and the harge, Q, as required
by Birkho's theorem. Here, though, a third parameter c1 appears due to the non-trivial
tahyon v.e.v. T . As a result Birkho's theorem must break down and this leads to the
naked singularity. More speially, for metri (2.1)
MADM = 2c2kN3r
4
0,
Q = 2ηN3r
4
0
√
c22 − 1, (2.4)
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where N3 = 5ω5V3/4κ
2
10, ω5 = π
3
, and for onveniene we have wrapped the spatial world-
volume diretions on a torus of volume V3 [33℄. Notie from (2.4) that the parameter c2
determines the harge of the bakground, i.e. when c22 = 1 the bakground is neutral. In
setions 3 and 4 we will mainly fous on that ase. Also notie that the BPS relation
MADM = Q is generally violated.
The physial interpretation of c1 is that it is related to T [33℄. Indeed one interpolates
between a non-BPS brane when c1 = 0, and a BPS-brane when c1 =
√
5/2 (k = 0). The
deay of the non-BPS brane an be viewed here as the trajetory in the parameter spae
when c1 ∈ [0,
√
5/2]. In the following the value of c1 is not speied, and we study the
dynamis of a probe in the non-BPS bakground for any c1 (thus orresponding to any
stage of the deay).
We begin with the non-ompatied ase.
3. Brane dynamis and mirage osmology
In this setion we determine the dynamis of a probe BPS D3-brane in the non-ompat
bakground spaetime (2.1), negleting any bak-reation eets of the probe onto the
bakground spaetime.
We onsider an innitely straight brane, lying parallel to the xµ (µ = 0, 1, 2, 3) axes,
but free to move along the r and ϕq (q = 5, . . . , 9) axes. Its position, XA(t), is therefore
given by
Xµ = xµ, Xr(t) = R(t), Xq(t) = ϕq(t). (3.1)
Below the Born-Infeld ation is used to determine R(t), ϕI(t), and we will see that unless
the BPS probe brane has suient angular momentum, it is attrated to the non-BPS
brane and so the naked singularity at r = r0 is not shielded.
For an observer living on the brane, the brane motion (3.1) leads to a FRW universe
with sale fator S(τ) where τ is brane time. This eetive `mirage' osmology is due only
to brane motion and not brane self-gravity [36℄. In the resulting Friedmann equation, whih
we determine, the brane motion leads to `dark uid' terms whose equation of state, ω, is
alulated [35℄. We also show that 0 ≤ S(τ) ≤ 1 when c2 ≥ 1 so that ination may not
our on the brane in this ase.
A ruial omponent whih is missing in this mirage osmology approah is brane self-
gravity. This is inluded in setion 4 where we ompatify the bakground spaetime, and
in that ase we will see that ination may our. The sale fator S(τ) mentioned above
and disussed in this setion will still play a rle when self-gravity is present.
3.1 Ation and dynamis
We determine the probe BPS brane dynamis by solving the equations of motion oming
from the ation
S = SDBI + SWZ = −T
∫
d4xe−φ
√
− det(γµν + (2πα′)Fµν − Bˆµν)− qT
∫
Cˆ4 (3.2)
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where T is the brane tension, α′ the string tension, and q = (−)1 for a BPS (anti-)brane.
In the DBI term, γµν is the indued brane metri
γµν = ∂µX
A∂νX
BG¯sAB(X) (3.3)
where the supersript s refers to the string frame. For the remainder of this setion we
ignore the pull-bak of the Neveu-Shwarz anti-symmetri two-form Bˆµν as well as the
worldvolume anti-symmetri gauge elds Fµν . These will be onsidered in setion 4 when
we disuss bi-metri theories. The WZ term is∫
Cˆ4 =
1
4!
∫
d4xǫµνρσ∂µX
A∂νX
B∂ρX
C∂σX
DCABCD (3.4)
with ǫ0123 = 1.
In the stati gauge (3.1), the indued metri is
γ00 = e
φ/2
(
G¯00 + G¯rrR˙
2 + G¯sϕ˙
2
)
, γij = e
φ/2G¯ij (3.5)
where · = d/dt and ϕ˙2 = hpqϕ˙pϕ˙q with hpq the metri on the 5-sphere. Sine the funtions
appearing in ation (3.2) depend on R, ϕq, and hene only on t (by virtue of (3.1)), one
an therefore dene a Lagrangian L through
S = TV3
∫
dtL (3.6)
where V3 =
∫
d3x is the (innite) spatial volume of the probe, and
L = −
√
a+ bR˙2 + cϕ˙2 + e (3.7)
where
a = e8A, b = −e2(3A+B) = c
R2
, e = −qeΛ. (3.8)
This Lagrangian denes a onserved positive energy E and angular momentum l of the
brane around the S5 whih are given by [36℄
E =
∂L
∂R˙
R˙+
∂L
∂ϕ˙p
ϕ˙p − L
l2 = hpq
∂L
∂ϕ˙p
∂L
∂ϕ˙q
.
Hene
ϕ˙2 =
a2l2
c2(E + e)2
R˙2 = −a
b
[
1 +
a
c
(l2 − c)
(E + e)2
]
. (3.9)
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Sine a, b, c, and e are known funtions of R, these equations an now be solved to
determine the brane dynamis as seen by an observer in the bulk with time oordinate t.
For an observer living on the brane, however, the line element is
ds23 = γµνdx
µdxν
= γ00(t)dt
2 + γijdx
idxj
≡ −dτ2 + S2(τ)dx2 (3.10)
where the brane time τ and the sale fator S(τ) are given by
dτ2 = −γ00(t)dt2 , S2 = eφ/2e2A (3.11)
Thus the observer on the brane appears to be living in a FRW universe with sale fator
S(R(τ)) arising from the brane motion. Notie that there is no term in ation (3.2) of the
form
∫
d4x
√−γRγ (where Rγ is the 4-dimensional Rii salar). Thus the above sale
fator is only due to brane motion and not due to self-gravity on the brane: in setion 4
we show how self-gravity an be inluded. In that ase the sale fator S(τ) will still be
important.
From Eqs. (3.11) and (3.9) we nd
dτ2 = e−6A+φ/2
a2
(E + e)2
dt2 (3.12)
so that R
′2
(where
′ = d/dτ) is given by
R
′2 = − 1
abc
e6A−φ/2
[
c(E + e)2 + a(l2 − c)] . (3.13)
Finally the Friedman equation on the brane is
H2 =
(
1
S
dS
dτ
)2
= R
′2
[
dA
dR
+
1
4
dφ
dR
]2
≡ 8π
3
ρeff (3.14)
whih denes an eetive energy density. The orresponding equation of state, whih we
determine in setion 3.3, is
ω =
peff
ρeff
= −
(
1 +
1
3
S
H2
∂H2
∂S
)
. (3.15)
Clearly in order to nd ω, we need rst to determine the brane dynamis, R(t). This will
depend on the brane energy E and angular momentum l as well as the parameters c1, c2
haraterising the non-BPS bulk.
3.2 Brane dynamis
It is helpful to use the analogy with partile dynamis and to study the brane motion via
the two eetive potentials
V t(R, l, E) = E − 1
2
R˙2, V τ (R, l, E) = E − 1
2
R′
2
(3.16)
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where R˙ and R′ are given respetively in equations (3.9) and (3.13). The rst potential,
V t, desribes the brane motion as seen by a bulk observer. The seond, V τ , determines
the brane dynamis as seen by an observer on the brane. Allowed regions of R are ones for
whih V t,τ (R, l, E) ≤ E. Notie the dependene of the potentials on E and l.
When the probe is very far from the non-BPS brane, R →∞, it is straightforward to
show from (3.9) and (3.13) that for all c1, c2 and l,
R˙2 → 1− 1
E2
, and R
′2 → E2 − 1. (3.17)
Hene both in bakground time t and brane-time τ , the probe will be unable to esape to
innity if E < 1. In other words, for E < 1 the BPS probe brane is always bound to the
non-BPS brane and, depending on l (see below) will eventually be absorbed by it. On the
other hand, if E > 1 the probe will be able to esape. The limiting ase is when E = 1,
for whih the kineti energy of the probe vanishes at innity where there is no fore on the
probe. In the BPS limit (of the non-BPS bakground, as disussed in [33℄), both R˙ and R′
vanish for all R when E = 1, so that R is a at diretion, as expeted.
To determine the brane dynamis for r0 ≤ R < ∞ onsider rst V τ whih is the
relevant potential for an observer living on the brane. Very similar omments to the ones
below also hold for V t. We fous on the neutral limit, c2 = 1, whih will be of most interest
when self-gravity is inluded in setion 4. (Notie that when c2 = ±1 then e = 0 and the
oupling between the BPS probe and the bulk RR eld vanishes. Below we see that for
c2 = −1 the sale fator S(τ) is badly dened.) Using (3.16) and (3.13) as well as the
denitions of a, b and c in (3.8) gives
V τ (R, l, E) = E − 1
2
(f+)
(3k+c1−1)/2
(f−)(3k+c1+1)/2
[
E2 −
(
f−
f+
)2k
− l
2
r2
(f−)
k−1/2
(f+)k+1/2
]
. (3.18)
When the probe has zero angular momentum, l = 0, and when k > 0, equation (3.18)
gives V τ (r0, 0, E) → −∞. Thus for all E there is an innitely deep potential well at R = r0:
the probe is attrated to the singularity whih is therefore not proteted. If E < 1 then the
probe is bound in the region
r0 ≤ R ≤ r¯ = r0
(
1 + E
1
k
1− E 1k
)1/4
.
When l 6= 0, a entrifugal potential an develop and this may shield the singularity.
From (3.18) notie that if k < 1/2 then V τ (r0, l, E)→ +∞ for all E so that the singularity
is shielded. If k ≥ 1/2, however, V τ (r0, l, E) → −∞ so that the probe may reah the
singularity. Despite that some regions of R may be exluded even for k ≥ 1/2, i.e. if l is
suiently large l > lc where lc is a ritial angular momentum whih depends on E, r0
and c1, then one an show that there are indeed suh exluded regions [35℄. These results
are shown in gure 1.
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Figure 1: Graphs of V η(r, l, E) as a funtion of r. For simpliity we have hosen the parameters
to be q = 1 = η˜ and r0 = c2 = 1. The probe energy is E = 2 orresponding to the horizontal
line. The LH gure is for a probe with zero angular momentum l = 0  the dotted urve has
k = 0.44 < 1/2, and the other k = 3/2. In the RH gure, l = 4 > lc.
3.3 Mirage osmology
How is this dynamis reeted in the Friedmann equation on the brane? From Eqn. (3.11),
the brane sale fator S(τ) is given by
S(τ)4 = eφe4A =
(
f−
f+
)c1 1
Y
, (3.19)
where Y is a funtion of c2. If c2 < −1, there are regions of R for whih S4 < 0 thus leading
to an imaginary sale fator: these regimes annot be physial and so we take c2 ≥ 1. In
that ase the sale fator is bounded by
0 ≤ S ≤ 1
sine S = 0 as R→ r0 and S = 1 as R →∞. Thus there an be no ination on the brane
in this mirage osmology approah.
Again we onsider the neutral limit c2 = +1. Then
S4 = xc1+k where x =
f−
f+
. (3.20)
Furthermore, by denition of H in (3.14) one has
H2 =
1
2
(c1 + k)
2
r20
(1− x2)5/2
x
5+3k+c1
2
[
E2 − x2k − l
2
r20
(1− x2)1/2
2x1/2
]
(3.21)
whih, ombined with (3.20) gives H2(S). Hene ω dened in (3.15) an be alulated.
There are two diulties though: rstly H2(S) is not a sum of terms of the form S−n
for some integer n, sine funtions suh as (1 − x2)5/2 = (1 − S8/(k+c1))5/2 appear in H2.
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Seondly, c1 an take any ontinuous value between 0 and
√
5/2 and so ω an also take any
value.
To overome the rst problem onsider the limit S ≪ 1 (and hene R = r0 + ǫ). A
Taylor expansion of H2 then ontains terms of the form
x(αk+βc1+γ)/2 = S
2(αk+βc1+γ)
c1+k
(3.22)
for integer α, β and γ. Surprisingly two values of c1 are piked out for whih this expansion
of H2 ontains terms in S to an integer power, they are1
c1 − k = ±1 =⇒ c1 = 3/2, 1/2. (3.23)
When c1 = 3/2, the Friedmann equation ontains `dark uids' with equation of state
ω = 2, 2/3,−2/3. These are soured by the angular momentum l of the brane. There are
also terms with ω = 5/3,−1 whih are soured by the energy E of the brane, and terms
in ω = 1, 1/3 whih are independent of E and l. Note that there is a term behaving as
radiation, as well as a osmologial onstant term, but there is none behaving as matter.
For c1 = 1/2 the main dierene is that there is now a dark `matter' term ∝ S−3
and this is soured by the angular momentum l. As far as we are aware, this is the rst
bakground for whih suh a dark `matter' term appears in mirage osmology.
4. Non-BPS Brane Ination
In the previous setion we desribed the brane dynamis in non-ompat spae-time. Now
we onentrate on the low energy dynamis of the same system, i.e. a probe brane in the
viinity of a non-BPS brane, when the six extra dimensions have been ompatied. We
do not assume any partiular form for the ompatiation manifold  on the ontrary we
only need to onsider a path where the non-BPS brane and the probe are embedded. In
that path the geometry is urved by the non-BPS brane while the eetive eld theory on
the probe brane is subjet to two ompeting eets. Firstly gravity now propagates on the
brane, hene modifying the indued metri from the previously studied mirage osmology
ase. Seondly the motion of the probe in the bakground of the non-BPS brane modies the
geometry of the probe. The ombined eet an be understood by analysing the equations
of motion of the low energy eetive eld theory below the ompatiation sale.
4.1 Gravitons on the Brane
Consider now the 10d metri (in the Einstein frame)
ds2E = e
2Agµνdx
µdxν + e2B(dr2 + r2dΩ25) ≡ GABdxAdxB (4.1)
where gµν is any 4d metri, as opposed to the Minkowski metri onsidered in (2.1). For
simpliity we now fous on the neutral ase, |c2| = 1, in whih ase F 2 = 0 from equation
1
These two values do not seem to orrespond to any speial ase of the non-BPS bakground metri
(2.1).
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(2.3). We will determine the equations of motion for gµν and show that one an onstrut a
whole family of solutions. The previously desribed solution gµν = ηµν is only the simplest
ase. As long as we do not ompatify six dimensions, the dynamis of gµν are frozen due to
the innite eetive four dimensional Plank mass, i.e. four dimensional gravity deouples.
In the previous setion we have onsidered the mirage dynamis where the utuations of the
four dimensional metri gµν have been frozen. As soon as we ompatify, the eetive four
dimensional Plank mass beomes nite allowing one to study the gravitational dynamis
of gµν .
Using the relation
10R(G) = 4R(g)e−2A + 10R(G¯), (4.2)
it follows that the 10d SUGRA ation for the metri (4.1) redues to
S
sugra
=
1
2κ210
∫
d10x
√
−G¯√−ge−2A 4R(g) (4.3)
(see also setion 4.2). From this ation, the equations of motion for gµν redue to the 4d
Einstein equations
4Rµν −
4R
2
gµν = 0. (4.4)
Hene the metri gµν an be any four dimensional solution of the vauum Einstein equations
 a Shwarzhild metri, for instane, leads to a solution of the 10d equations of motion.
Now onsider small perturbations of the at metri ηµν , i.e. gµν = ηµν + hµν . This
desribes the moduli spae of solutions where hµν satises η
µνhµν = 0, ∂µh
µ
ν = 0 and is
massless
4
✷hµν = 0. (4.5)
Hene massless gravitons hµν an propagate on the brane. Nevertheless, in this unom-
patied ase the eetive four dimensional Plank mass, dened through
1
2κ24
=
1
2κ210
∫ √
−G¯e−2AdrdΩ5 (4.6)
diverges, implying the deoupling of self-gravity on the brane. In the remainder of this
setion we therefore onsider the ompatied ase in whih the ompatiation is over a
large 6d manifold M, and gravity does not deouple anymore.
4.2 Eetive 4D ation with self-gravity
Here we ompatify the theory and study the eetive eld theory at low energy below
the ompatiation sale  as explained above, this should ontain self-gravity. The
low energy ation therefore omprises two terms: rst there is the ation obtained by
dimensional redution of the warped bakground reated by the non-BPS brane. Seond
we inlude the Born-Infeld ation (3.2) reeting the low energy dynamis of the transverse
modes to the probe. In order to maintain the neutrality of the bakground we will fous on
the ase |c2| = 1.
Before doing so, let us disuss the ompatiation in general. Our starting point is
the metri (4.1) where gµνdx
µdxν = ηabdξ
adξb in a loal frame dξa. We make the ansatz
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that both the form F as well as the dilaton φ oinide with the solution obtained previously
in the loal frame speied by dξa. This amounts to speifying that loally the solution of
the previous setion is valid. Hene
Frµ0...µ3dr ∧ dxµ0 ∧ . . . ∧ dxµ3 = Λ′eΛdr ∧ dξa0 ∧ . . . ∧ dξa3 (4.7)
It is through gµν that we will be able to desribe self-gravity on the brane. The dynamis
at low energy are determined by
S =
1
2κ210
∫
d10x
√
−G
(
10R(G)− 1
2
Gµν∂µφ∂νφ− 1
2 · 5!F
2
)
− T
∫
d4xe−φ
√−γ − Tq
∫
d4xC4 (4.8)
where the rst term is the bulk 10d supergravity ation, and the seond is the DBI ation
(3.2). We will integrate out the above ation over the 6 extra dimensions whih are om-
patied on M, and hene obtain an eetive 4D ation whih inludes brane self-gravity
through the appearane of the 4D Rii salar
4R(g). We assume that the manifold M is
xed, i.e. the moduli have been stabilized by an unknown mehanism. On using (4.6), the
bulk part of ation (4.8) beomes
Sbulk =
∫
d4x
√−g
[
1
2κ24
4R(g)
]
− 1
4.5!κ210
∫
d4x
√−g
(∫
M
drdΩ5
√
−G¯F 2
)
(4.9)
where the 4D plank mass is dened analogously to (4.6), namely
1
2κ24
=
1
2κ210
V6 (4.10)
where V6 is the now nite volume of the 6d ompat spae;
V6 ≡ R6c =
∫
M
√
−G¯e−2AdrdΩ5. (4.11)
Notie that κ24 is a funtion of c1, and also that
F 2 = −5! (Λ′eΛ)2 e−8A−2B = −5!64ξ2k2(c22 − 1)r80
Y 5/2r10f
5/2
+ f
5/2
−
. (4.12)
Notie that the fators of A and B appear due to the non-trivial ontration with the
bakground metri. This denes the gravitational part of the eetive ation. Notie that
there is a negative osmologial onstant related to the bakground eld strength. Hene in
the neutral ase (c2 = ±1), both F 2 and the oupling of the probe to the four form vanish
leading to the absene of the osmologial onstant. On the other hand, in the harged
ase the resulting ation ontains a negative osmologial onstant leading to AdS4 in the
absene of the probe.
Now onsider the brane part of the ation. We work in the isotropi gauge where
Xµ = xµ (4.13)
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but as opposed to setion 2 the brane is now allowed to be bent. Hene
Xr = R(xµ), Xp = ϕp(xµ), (4.14)
and the indued metri is thus
γµν = G
s
µν +G
s
rr
∂R
∂xµ
∂R
∂xµ
+Gspq
∂ϕp
∂xµ
∂ϕq
∂xν
. (4.15)
We will fous on the motion in the r diretion (and so set l = 0 in the notation of the
previous setion). In the DBI ation, we need to onsider the expansion of
√−γ: if we
assume that the brane moves slowly so that the square root part of the DBI ation an be
expanded one gets, to leading order,
√−γ = e4Aeφ√−g
[
1 +
1
2
e2B−2Agab
∂R
∂xa
∂R
∂xb
]
. (4.16)
(Below we will see that R is very losely related to the inaton on the brane, and that this
assumption of a slowly moving brane is onsistent with the slow-roll onditions.) Thus
Sbrane = −T
∫
d4x
√−ge4A
[
1 +
1
2
e2B−2Agab∂aR∂bR
]
− qT
∫
d4x
√−geΛ. (4.17)
This is a non-linear sigma model for R with a non-vanishing potential
V (R) = T
(
e4A − qeΛ) (4.18)
due to the absene of supersymmetry.
2
This potential is valid generially for any motion
of a D3 probe in a non-trivial gravitational bakground. In the supersymmetri ase the
ontributions from the Wess-Zumino oupling and the DBI anel. Here the absene of
anellation leads to a non-trivial dynamis for the interbrane distane. Notie also the
wave-funtion normalization term
Z(R) = Te2B+2A. (4.19)
It is onvenient to use elds with mass dimension one by putting
φ =
R
l2s
(4.20)
where ls is the string length sale. We now fous on the neutral ase so that it follows from
(4.9) and (4.17) that the eetive 4D ation is given by
S4eff =
∫
d4x
√−g
(
1
2κ24
4R(g)− 1
2
Z(φ)∂µφ∂
µφ− V (φ)
)
. (4.21)
Below we study this ation and we will be interested in the supergravity regime where the
two branes are far apart R≫ r0 leading to
V (φ) = T
(
1− 2kr
4
0
l8sφ
4
)
Z(φ) = l4sT
2
Note that this potential is not diretly related to the eetive potentials V
τ,t
disussed in the previous
setion.
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where we have negleted higher order terms than 1/φ4 in Z.
In the next setion we will analyse osmologial solutions to the equations of motion
oming from ation (4.21). Before that, notie an intriguing point  the indued metri
on the brane γµν diers from the metri gµν whih is responsible for Einstein gravity at low
energy. Furthermore matter ouples to the indued metri as an be seen by inluding a
matter term in the DBI orresponding to the pull-bak of the U(1) eld strength
Fµν = FAB
∂XA
∂xµ
∂XB
∂xν
. (4.22)
Ation (3.2) leads to the kineti terms
(2πα′)2
T
8
∫
d4x
√−γFµνF ρδγµργνδ (4.23)
so that matter does indeed ouple to the indued metri in the string frame. Thus we have
a bi-metri theory [39, 40℄ where
γµν = e
φ/2e2Agab + e
φ/2e2B∂aR∂bR. (4.24)
As soon as the brane stops moving, the theory stops being a bi-metri theory.
4.3 Inationary solution and indued metri
We searh for inationary solutions of (4.21) of the form
gab = diag(−1, a2(t), a2(t), a2(t)). (4.25)
It should be noted, however, that a is not the sale fator as seen by an observer living on
the brane. The metri on the brane is just the indued metri γµν as disussed above and
as given in (4.24). Assuming now, for simpliity, that R = R(t) only, the metri on the
brane is therefore given by
ds2 = dt2(eφ/2e2Ag00 + e
φ/2e2BR˙2) + eφ/2e2Agijdx
idxj
≡ −dτ2 + a˜2(τ)dx2
where · = d/dt and
a˜(τ) ≡ S(τ)a(τ). (4.26)
It ombines the mirage osmology brane fator S2(τ) = eφ/2e2A whih is due to the motion
of the brane, and a whih arises from the self-gravity on the brane. As usual, ination will
lead to an exponential expansion on the brane a ∼ eHt.
Sine matter on the brane ouples to γµν , whilst gravity ouples to gab, preditions
regarding the CMB and the spetrum of perturbations should in priniple be made by
alulating with respet to the sale fator a˜ and brane-time τ , sine partile and photon
geodesis are governed by the metri γµν . Thus one should replae gab in the eetive ation
(4.21) by γµν , i.e. inverting (4.24). This, however, would lead to a rather ompliated salar-
tensor ation, and in that frame the equations of motion are not transparent. Moreover the
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generation of quantum utuations is easier to understand in the Einstein frame where all
the usual formalism applies. We will omment on the oupling to matter later and from
now on work in the Einstein frame with ation (4.21) and time t (as opposed to brane time
τ). Eventually, in the inationary phase, the dierene between t and τ an be seen to be
negligible due to the slow roll ondition. Similar ations were taken as the starting point
of referenes [18, 19, 20, 27, 29, 24℄.
The equations of motion oming from the eetive ation are
φ¨+ 3Hφ˙+
1
2
(
Z ′
Z
)
φ˙2 +
V ′
Z
= 0,
H2 =
(
a˙
a
)2
=
κ24
3
(
1
2
Zφ˙2 + V
)
.
Assuming that
1
2
Zφ˙2 ≪ V, φ¨≪ 3Hφ˙ (4.27)
i.e. in the slow roll regime, yields
H2 =
κ24
3
V ≃ κ
2
4T
3
(4.28)
leading to
a(t) = a(t0)e
√
κ2
4
T
3
(t−t0). (4.29)
As
φ˙ = − V
′
3HZ
(4.30)
where V ′ is positive, it follows that during ination φ (or equivalently R) dereases. Notie
that the seond sale fator S atually dereases as R dereases. Sine the sale fator on
the brane is atually Sa, the overall eet will still be one of ination sine S is only a
powerlaw in t. From (4.30) we nd that
φ6 = φ60 −Q(t− t0) (4.31)
where
Q =
48kr40√
3l12s κ4
√
T
. (4.32)
The slow-roll regime is valid provided that
η = M2pl,4
V ′′
V
≪ 1, ǫ = 1
2
M2pl,4(
V ′
V
)2 ≪ 1. (4.33)
Here ǫ is always smaller than η so we only onsider the rst slow roll ondition. Imposing
the rst ondition gives
|η| = M2pl,4
40kr40
l8sφ
6
≪ 1 (4.34)
or equivalently
k ≪ 1
40
r6ini
M2pl,4l
4
sr
4
0
(4.35)
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where we have taken the initial brane position R = rini ≫ r0 onsistently with our super-
gravity approximation. Using now
T =
1
gs(2π)3l4s
κ210 =
1
2
(2π)7l8s (4.36)
gives
k ≪ (2π)
8
20
l4s
r40
(
rini
Rc
)6
. (4.37)
Thus k is undetermined as long as r0 remains a free parameter of the supergravity approx-
imation.
In order to speify the range of validity of ination in the non-BPS senario, we need to
ompare the time taken by the non-BPS to deay with the typial inationary time sale.
Ination typially takes plae within
tinfl =
1
H
(4.38)
whereas the deay time for the non-BPS brane is assumed to be innite in the supergravity
approximation. Indeed, in the approah we use here, the tahyon parameter c1 is a onstant
parameter and not a time-dependent modulus [33℄. A more appropriate estimate of the
deay time in the inationary regime an be obtained from
tdecay =
1
MADM
(4.39)
where MADM is the ADM mass of the non-BPS brane [33℄. When the brane is at the
ADM mass is innite reeting the fat that it has a nite mass per unit volume
MADM
V3
=
5
27π4
kmax
r40
l8s
(4.40)
where kmax =
√
5/2. Now when the brane inates, the volume of spae-time is of order of
V3 = H
−3
implying that
tdecay =
27π4
5kmax
l8s
r40
H3. (4.41)
Imposing now that tdecay ≫ tinf leads to
r40 ≪
1
40.62.π4
1
g2s
1
M4pl,4
. (4.42)
Notie that r0 is linked to the 4d Plank mass. In the following we will take r0 = 1/Mpl,4
whih satises the above inequality at small string oupling. This leads to
k
kmax
≪ 9
2
(2π)12g2s l
4
sM
4
P l,4(
rini
Rc
)6 (4.43)
We will disuss the range of values for k in the next setion.
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4.4 Reheating
In this subsetion we desribe the end of the inationary era and its onnetion with the
osmologial eras. First of all ination on the brane stops when η ∼ 1. We nd that
Q(tend − t0) = r
6
ini
l12s
− 40M
2
pl,4r
4
0
l8s
. (4.44)
After the end of ination the brane starts rolling fast towards the non-BPS brane. When
the non-BPS brane deays the probe has to be far enough from the non-BPS brane in order
to trust the supergravity approximation: this leads to
g2s ≫
221/2π5
15
k
kmax
l12s
r6iniR
6
. (4.45)
This ondition is always satised for the range of parameters ompatible with the COBE
normalization. When the non-BPS brane deays, it leads to bulk radiation in the Minkowski
vauum. Moreover we know that kdecay = 0 implying that the potential vanishes altogether
Vdecay = V0 + T ≡ 0, (4.46)
where V0 is the ontribution at low energy to the tahyon ondensation proess. It goes
beyond the supergravity approximation and should enompass the opens string degrees of
freedom leading to the deay of the non-BPS brane. The vanishing of V0+T is the famous
Sen onjeture for non-BPS branes [9℄. Here it an be viewed as the vanishing of the
osmologial onstant at low energy due to the overall supersymmetry of the onguration.
The only trae of the deay may appear from the oupling of the bulk radiation to the
brane YM elds leading to a radiation dominated era.
One the non-BPS brane deays, the brane stops moving and starts expanding only
due to the presene of matter on the brane. The bakground metri being at Minkowski
spae, the ten dimensional metri beomes
ds210 = dxAdx
A − dt2 + a2(t)dxidxi (4.47)
where A = 1 . . . 6 and i = 1 . . . 3. This implies that the indued metri and the Einstein
metri beome equivalent. Moreover the six extra dimensions play no role in the four
dimensional dynamis. We an therefore apply the usual formalism to ompute the eet
of the initial quantum utuations on the CMB results. Indeed one ination stops, the
osmology of the D3 brane is solely ditated by the presene of matter on a stati brane.
In that ase we an follow the evolution of the brane through the usual osmologial eras
and use the CMB results in order to alibrate the underlying physis of the brane ination.
In partiular we an use the COBE normalization [41, 42, 43, 44, 45℄ speifying th mag-
nitude of the density perturbations on large sales in order to evaluate the ompatiation
sale. This gives
M−3pl,4
V 3/2
V ′
∼M−3pl,4
V6
kl9s
∼ 10−5. (4.48)
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Now
l9s ∼
(
V6
M2pl,4
)9/8
, (4.49)
and on writing M6c = V
−1
6 , one has that
Mc ∼ 1012GeV. (4.50)
Using the relation between the four dimensional Plank mass, the ompatiation volume
and the string sale we dedue that
Ms ∼M1/4pl,4M3/4c ∼ 1014GeV, (4.51)
so that the ompatiation sale is two orders of magnitude smaller than the string sale.
Notie that r0 ≪ Rc as it should in order to onsider that the non-BPS brane distorts only
loally and weakly the geometry of the ompat manifold M.
Let us now onsider the observable onsequenes of the primordial inationary era due
to the presene of a non-BPS brane. Two ruial tests have to be overome. First of all the
number of e-folds must be large enough. The number of e-folds
N =
∫ tend
tini
Hdt (4.52)
is determined by the initial position of the probe. Indeed
N =
5
6
(
rini
rend
)6
. (4.53)
Using
r6end = 40kr
4
0l
4
sM
2
pl,4 (4.54)
this implies that
r6ini = 48Nkr
4
0l
4
sM
2
pl,4. (4.55)
Taking r0 to be of the order of M
−1
pl,4, i.e. saturating its upper bound, leads to
rini
r0
∼
(
Mpl,4
Ms
)2/3
(4.56)
Notie that the ratio of the Plank sale to the string sale is related to the COBE normal-
ization, i.e. 10−5, we nd that
rini
r0
∼ 103. (4.57)
Of ourse this justies the supergravity approximation. Notie that all the dierent sales
of the problem have been determined from two inputs. First of all the non-BPS brane sale
r0 is taken to be of the order the Plank sale, this to guarantee that ination stops well
before the deay of the non-BPS brane. Then the COBE normalization xes the volume of
the ompatiation manifold.
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Now we an hek that ination takes plae irrespetive of the value k. Hene we nd
that ination is generi in the non-BPS senario.
Within the supergravity approximation the spetral index of utuations an be om-
puted. It is given by [24℄
ns − 1 = − 5
3N
. (4.58)
Of ourse this is not a predition of the model as N is left undetermined, i.e. N depends
on the initial position of the probe. The model does not explain why the initial onditions
should be suh that N = 60.
5. Summary and Conlusions
We have desribed the dynamis of a BPS probe in the bakground of a non-BPS brane.
We have shown that ination an only take plae after ompatifying on a six dimensional
manifold. The resulting ination ours for any non-BPS brane. It ends well before the nal
deay of the non-BPS brane; the only ne-tuning being the hoie of the initial positions
of the branes whih determines the spetral index.
Of ourse the essential ingredient here is the lak of supersymmetry whih leads to a
non-trivial potential for the inter-brane distane. The atual deay of the non-BPS brane
may only play a role in the reheating phase where radiation starts dominating due to
the impinging radiation resulting from the non-BPS brane annihilation. It would be very
interesting to arry out the same analysis for stable non-BPS brane as obtained in ompat
spaes diretly. Of ourse one would have to motivate the reheating phase dierently.
As it stands the brane tehnology seems to lead to an almost unique form of the
inationary potential, an inverse power law. This is a tremendous improvement over the
four dimensional approah where all the potentials seem to be ad ho and diult to
motivate. On the other hand suh a potential is reminisent of the potentials used to
desribe quintessene. It would be very interesting if stable non-BPS ongurations [46,
47, 48℄ ould provide a unique desription of both ination and quintessene. This is left
for future work.
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